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Abstract.  Northern Eurasia is currently highly sensitive to climate change. Fires in this region 23 

can have significant impacts on regional air quality, radiative forcing and black carbon 24 

deposition in the Arctic to accelerate ice melting. Using a MODIS-derived burned area data set, 25 

we report that the total annual area burned in this region declined by 53 % during the 15-year 26 
period of 2002–2016. Grassland fires dominated this trend, accounting for 93 % of the decline of 27 
the total area burned. Grassland fires in Kazakhstan contributed 47 % of the total area burned 28 

and 84% of the decline. Wetter climate and increased grazing are the principle driving forces for 29 
the decline. Our findings: 1) highlight the importance of the complex interactions of climate-30 
vegetation-land use in affecting fire activity, and 2) reveal how the resulting impacts on fire 31 

activity in a relatively small region such as Kazakhstan can dominate the trends of burned areas 32 
across a much larger landscape of northern Eurasia. 33 

1 Introduction 34 

Fire activity worldwide is very sensitive to climate change and human actions, especially over 35 

high latitude ecosystems (Goetz et al., 2007). Identifying and unraveling confounding drivers of 36 
fire is critical for understanding the recent and future impacts of fire activity. In northern Eurasia 37 
fire activity impacts of chief concern include carbon cycling, boreal ecosystem dynamics, fire 38 
emissions (Hao et al., 2016a), accelerated ice melting in the Arctic (Hao et al., 2016a; 39 
Evangeliou et al., 2016), early thawing of permafrost, and the hydrological cycle of high-40 
latitudes (IPCC, 2014). In addition, it affects air quality in Europe, Asia and North America. An 41 
improved understanding of the region’s fire dynamics can also be applied to develop climate 42 
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change mitigation policy and be incorporated into the fire modules of Earth System Models to 43 

improve their predictions (Hantson et al., 2016). 44 

Global mean surface temperature rose by approximately 0.72° C from the year 1951 to 2012 45 
according to the 5th Intergovernmental Panel on Climate Change Report (IPCC) (IPCC, 2013), 46 
but remained relatively constant or slowdown from 1998 to 2013 (Fyfe et al., 2013; Cowtan and 47 
Way, 2014; Trenberth et al., 2014; Fyfe et al., 2016). Nevertheless, extreme high temperature 48 
events continued to occur even during the warming slowdown (Seneviratne et al., 2014; 49 

Trenberth et al., 2015). Since 2013, the global temperatures have risen rapidly (NASA Global 50 
Climate Change, 2019) and high latitudes are projected to have the largest temperature increase 51 
globally by 2100 (IPCC, 2013). At the same time, however, geographical components of the fire 52 
weather index (FWI), an index of fire intensity potential, have experienced regional divergence 53 
at these latitudes with a positive FWI trend in Eastern Asia and a negative trend in Kazakhstan 54 

(Jolly et al. 2015), suggesting divergent regional climate impacts. In northern Eurasia, current 55 
accelerated high temperatures in the summer were also observed in Eastern European Plain and 56 

Central Siberia (Sato and Nakamura, 2019).   57 

Over the past 20 years, the decline of total area burned in Eurasia has been observed by Giglio et 58 

al., 2013; Hao et al., 2016a and Andela et al., 2017. We will investigate trends in the spatial and 59 
temporal distribution of area burned from 2002 to 2016 across different land cover types and 60 
geographic regions of northern Eurasia, a region highly sensitive to climate change. The 61 

geographic subregion with the largest declining trend is examined and the influence of the 62 
confounding factors of climate and human activity on burned area is explored.  63 

Our study seeks to evaluate the decline in burned area as a function of variable fuel conditions 64 
(Krawchuk and Moritz 2005), land use and relative moisture conditions (Pausas and Ribeiro 65 

2013). Beside these climate variables, abrupt changes have been observed globally to 66 
significantly impact long-term or recent fire history (Pausas and Keeley 2014), among other 67 

mechanisms, such as herbivory from native and domestic ungulates and humans (e.g. fire 68 
prevention). Considerable research has been done to understand climate-fire-grazing interactions 69 
in grassland ecosystems. In grasslands, reductions in fuel availability due to decreasing net 70 

primary production, grazing or other management activities can be the key variables limiting fire 71 
spread (Moritz et al., 2005). For instance, in the western United States, the research has 72 
significant implications on forest and rangeland management (e.g. Bachelet et al., 2000; Gedalof 73 

et al., 2005; Riley et al., 2013; Abatzoglou and Kolden, 2013). Similar issues were investigated 74 
on African savanna for maintaining sustainable grassland (e.g. Archibald et al., 2009; Koerner 75 
and Collins, 2014). In this study we closely examine the interactions of climate, fire, grazing and 76 
fuel availability in Kazakhstan, the country of northern Eurasia with the largest decline in burned 77 
area during 2002–2016. 78 

2 Methodology 79 

2.1 Study area 80 

First, we study the area of northern Eurasia, a region from 35° N to the Arctic and from the 81 

Pacific Ocean to the Atlantic Ocean. The region comprises 21 % of the Earth’s land area and 82 

encompasses diverse ecosystems from the steppes of central Asia to the Arctic. Forest is the 83 



[Type here] 

 

major ecosystem in this region covering 27 % of the area, followed by grasslands which cover 16 84 

% (Friedl et al., 2010). 85 

Second, to understand the forces driving the decline of burned area, we focus on the effects of 86 

drought and grazing in Kazakhstan. From 2002 to 2016, Kazakhstan had the highest rate of 87 

decline in burned area in northern Eurasia (see Figs. 1 and 2). In Kazakhstan, grassland is the 88 

dominant ecosystem and grazing is the major agricultural activity (Food and Agriculture 89 

Organization FAO Live Animals Database, 2016).   90 

2.2 Mapping burned areas 91 

Burned area in northern Eurasia 92 

Since 2000, global burned area has been mapped by remote sensing (e.g. Mouillot et al. 2014) 93 

with different sensors and detection algorithms (Chuvieco et al., 2019), leading to multiple 94 

datasets with a significant uncertainty in the magnitude of spatial distribution, interannual 95 

variability and trends in burned area (Hantson et al., 2016). We used daily NASA MODIS 96 

(Moderate Resolution Imaging Spectroradiometet) dataset at a 500 m × 500m resolution. Our 97 

MODIS-derived burned area algorithm was validated in eastern Siberia with the Landsat derived 98 

burned area (30 m × 30 m) (Hao et al., 2012). The ratio of these two satellite derived burned 99 

areas was 1.0 with a standard deviation of 0.5 % over 18,754 grid cells. Among other sources of 100 

variability, surface and crown fires generate significantly different spectral signals, so that the 101 

detection algorithm depends on vegetation type classification (Chuvieco et al., 2019).  102 

The burned area data were analyzed at multiple spatial and temporal scales using frequentist 103 

statistical methods (see section 2.4) to identify regional trends. Assessing burned area changes in 104 

northern Eurasia over this time period benefits from the lack of fire suppression in this region 105 

(Goldammer et al., 2013), so the impact of climate and land use on fire activity can be better 106 

understood. Our methodology for mapping daily burned area is very similar to that used by Hao 107 

et al. (2016a, 2016b) which was specifically developed for this region. For this study, an up-to-108 

date land cover product was used for 2002–2013 and the 2013 land cover map was used for 109 

2014–2016 because current versions were not available for present and previous studies. For the 110 

study of Hao et al. (2016a, 2016b), the MCD12 land cover map of 2015 was used for 2002–111 

2016.  112 

2.3 Data sources of drought, livestock, annual biomass production, and land cover 113 

The following data sources for estimating the factors affecting the burned area in Kazakhstan are 114 

described below: drought, livestock, annual biomass production, and land cover. All data were 115 

evaluated at the county level for 174 counties during the period of 2002–2016 (Fig. 1). We 116 

focused on Kazakhstan as it was the region with the largest decline of burned area in northern 117 

Eurasia (see section 3.1).  118 

Drought 119 

The Palmer Drought Severity Index (PDSI) from the TerraClimate site 120 

(http://www.climatologylab.org/) was used to estimate drought throughout Kazakhstan 121 
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(Abatzoglou et al., 2018). The PDSI was developed by Palmer (1965) and is widely used to 122 

estimate a rough soil water budget based on monthly precipitation, potential evapotranspiration 123 

with varying soil property of available water content to account for pedological variations and 124 

species roots access to water. We used monthly PDSI data from March to July, defined as the 125 

fire season (Roy et al., 2008), to compute a cumulative drought effect index. The gridded PDSI 126 

data were available at a spatial resolution of ~ 4 km and were aggregated to the county within the 127 

study area (Fig. 1). PDSI varies from + 4 for wet conditions to ˗ 4 for dry conditions. 128 

Livestock 129 

The annual population of livestock in each of the 14 provinces, each consisting of multiple 130 

counties, of Kazakhstan from 2002 to 2016 were compiled by the official agriculture statistics of 131 

the Ministry of National Economy of the Republic of Kazakhstan Committee on Statistics 132 

(MANE, 2019). These data included yearly numbers of large horned livestock and sheep and 133 

goats at the province level which is coarser than the counties. Livestock populations are only 134 

available at the province level and the population was distributed proportionally to the size of the 135 

county area so that all potential drivers of fire activity could be evaluated on a common spatial 136 

scale. The livestock density for each county is therefore defined as the ratio of the number of 137 

animals to the area of the county.  138 

Annual biomass production 139 

We estimated the annual biomass production within the grassland domain of the study area (Fig. 140 

2) using the production subroutine of the Rangeland Vegetation Simulator model (RVS) (Reeves 141 

2016) which applied the methods of Reeves et al. (in press). The RVS, which was originally 142 

developed for simulating rangeland vegetation dynamics in the continental United States, models 143 

annual production based on MODIS normalized difference vegetation index (NDVI) at a 250 m 144 

spatial resolution (MOD13Q1). The MOD13Q1 NDVI data are composited on a bi-weekly basis 145 

and are available at a spatial resolution of 250 m. The QA/QC flags were used to isolate only the 146 

best quality NDVI pixels. At each pixel, the highest quality maximum value composite on an 147 

annual basis was retained for further analysis. The relationships between ANPP estimates and 148 

maximum NDVI were divided into two groups to enable different models to be fit to the lower 149 

and upper end of production given as 150 

 y = 240.31 * e3.6684 x         (1) 151 

where y is the estimated ANPP in kg ha-1 of dry weight and x is the NDVI for the upper range (x 152 

≥ 0.46) and  153 

 y = 971.1 * ln x + 1976  (2)  154 

where y is the estimated ANPP in kg ha-1 and x is the NDVI for the lower range (x < 0.46). The 155 

partition into 2 groups was done, in part, because of the asymptotic nature or “saturation” feature 156 

(Santin-Janin et al., 2009) of NDVI with respect to ANPP. 157 

Land cover 158 
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The MODIS land cover product (MCD12Q1) Version 6.0 was used to assess factors affecting the 159 

burned area in Kazakhstan. The product is available at a 500 m spatial resolution and describes 160 

the distribution of broad vegetation types. We screened these data to subset only those vegetation 161 

types considered to represent grassland vegetation (Class 10 in the MCD12Q1 dataset) from 162 

2000 to 2016. In each year of the assessment, the number of grassland pixels was summed to 163 

enable estimates of grassland area throughout the study area.   164 

2.4 Statistical analysis 165 

For each pixel of 0.5° × 0.5°, the annual trend was estimated as the robust linear slope computed 166 

from burned area on year using M-estimation as described in Huber (1981). Our objective was to 167 

present consistent grid cell trends in the presence of within-cell variation. We chose to use M-168 

estimation to mitigate the effect of large within-cell variation due to a relatively small within-cell 169 

sample such that the map presents a consistent surface. If computed using ordinary least squares 170 

(OLS) estimates, such large within-cell variation could result in some cells with inconsistent or 171 

"outlier" trends compared to their neighbors. The trends were estimated using the R platform (R 172 

Core Team, 2019) with R function rlm in package MASS (Venables and Ripley, 2002). Pairwise 173 

robust rank correlations were computed as described in Kendall (1938) using the R function cor.  174 

To validate our estimates on burned areas, we compare of our annual northern Eurasia burned 175 

areas (FEI-NE) with the latest version of the MODIS burned area product (MCD64A1, collection 176 

6) (Gigilio et al., 2018) from 2002 to 2016. The burned areas reported by FEI-NE and MODIS 177 

MCD64 were each modeled separately by year. The models each include a first-order 178 

autoregressive term on the residuals to account for the presence of temporal autocorrelation. The 179 

response was assumed to be gamma distributed. A generalized linear mixed model (GLMM) 180 

approach was used and estimated using the R function glmmTMB in platform (R Core Team, 181 

2019) with R package glmmTMB (Brooks et al., 2017). 182 

The potential driving forces of burned area at the county level for 174 counties over a period of 183 

15 years from 2002 to 2016 were modeled using the GLMM approach to interpret the effects on 184 

the extent of the area burned. The proportion of burned area per county was modeled on the 185 

effects of year, PDSI during the fire season (May-July), proportion of grass area, ANPP and 186 

livestock density along with two-way interactions. The model included a random effect that 187 

accounts for spatial correlation within each region along with a first-order autoregressive term on 188 

the residuals within each county that accounts for temporal autocorrelation. The response was 189 

assumed to be beta-distributed. The model was estimated using the R function glmmTMB in 190 

platform (R Core Team, 2019) with R package glmmTMB (Brooks et al., 2017). 191 

3 Results  192 

3.1 Spatial and temporal distribution of burned areas in northern Eurasia 193 

The declining trends in the spatial distribution of the area burned from 2002 to 2016 in northern 194 
Eurasia at a 0.5° × 0.5° resolution are shown in Fig. 2. The majority of the area burned was 195 
grassland of Kazakhstan in central Asia. However, substantial areas were also burned in the 196 
Russian Far East along the Chinese border because of illegal logging (Vandergert and Newell, 197 
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2003) and the subsequent fires to burn the remaining forest residues. The annual areas burned 198 

according to ecosystem and geographic region are summarized in Table 1. The interannual 199 

burned area in northern Eurasia varied about four times within a range from 1.2 × 105 km2 in 200 
2013 to 5.0 × 105 km2 in 2003 with an average of (2.7±1.0) × 105 km2 (n = 15). Grassland 201 
accounted for 71 % of the total area burned, despite comprising only 16 % of the land cover 202 
(Friedl et al., 2010). Almost all the grassland fires occurred in Kazakhstan in central and western 203 
Asia (Table 1). In contrast, forest is the major ecosystem that covers 27 % of northern Eurasia 204 

(Friedl et al., 2010), but contributes only 18 % of the total area burned. About ninety percent of 205 
the forest area burned occurred in Russia. 206 

3.2 Trends of burned areas in northern Eurasia 207 

Comparisons of our annual northern Eurasia burned areas (FEI-NE) with the latest version of the 208 

MODIS burned area product (MCD64A1, collection 6) (Gigilio et al., 2018) from 2002 to 2016 209 

are shown in Fig. 3. The burned areas in these two datasets agree better in recent years after 210 

2010. Both FEI-NE and MCD64A1 demonstrated declining trends and similar interannual 211 

variability. The FEI-NE dataset was used to analyze the driving forces for the decline of burned 212 

area in Kazakhstan (see sections 3.3–3.4). 213 

Grasslands of Kazakhstan dominate changes in burned area with significant declines mostly in 214 

central and northern Kazakhstan, adjacent to the Russian border. The temporal trend of annual 215 
burned areas over all vegetation types and in grasslands in northern Eurasia and in Kazakhstan 216 

from 2002 to 2016 are shown in Fig. 4. The burned area trends shown in Fig. 4 were modeled 217 
like that reported in Fig. 3 with the same response distribution. The trends of wave-like burned 218 
areas are typical for burned area trends in the world (e.g. Andela et al., 2017). The annual total 219 

area burned over northern Eurasia during this period decreased by 53% from 3.3 ×105 km2 in 220 

2002 to 1.6 × 105 km2 in 2016 (Table 1), or at a rate of 1.2 × 104 km2 (or 3.5 %) yr-1. The 221 
grassland area burned during the 15 years declined by 74 % from 2.8 × 105 km2 in 2002 to 7.3 × 222 
104 km2 in 2016, or at a rate of 1.3 ×104 km2 (or 4.9 %) yr-1. Grassland fires in Kazakhstan 223 

accounted for 47 % of the total areas burned but contributed 84 % of the declining trend. The 224 
annual forest burned area varied by a factor of 5 from 21,243 km2 in 2010 to 111,019 km2 in 225 

2003, but there is no trend over the 15 years (Table 1). 226 

 227 
3.3 Regional trends in driving forces over time in Kazakhstan 228 

One of our objectives was to evaluate trends in the primary drivers responsible for reducing area 229 
burned, especially in grasslands at the county level. Pairwise correlation results are shown in Fig. 230 

5. Each panel of Fig. 5 illustrates the coefficient of correlation between a key variable and year 231 
(2002–2016) for the 174 counties of Kazakhstan. The major factors affecting the trend of area 232 

burned in Kazakhstan are wetter climate (represented as PDSI), the proportion of grassland 233 
cover, ANPP and livestock density (Table 2). Both grassland partition and ANPP enable 234 
spreading fires. 235 

The declining trends in the fraction of the area burned annually are shown in Fig. 5a. The trend 236 

of PDSI from March to July during the 15-year period is illustrated in Fig. 5b. A higher PDSI 237 
value indicates a wetter environment. Increasing wetness, i.e. higher PDSI, during the fire season 238 
reduces the probability of fire ignition and fire spread. The declining trend of the burned area 239 
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(Fig. 5a) is then consistent of the increasing trend of PDSI (wet conditions) especially in central 240 

and southern Kazakhstan (e.g. East Kazakhstan, Qaraghandy, Zhambyl, Almaty) (Fig. 5b).  241 

Through time the proportion of grassland cover has been asymmetric with some counties having 242 
exhibited strong decreases such as in the north central region of Kazakhstan, while others have 243 
seen increases such as in the north western region (Fig. 5c). This north central region has also 244 
exhibited decreases in burned area (Fig. 5a). Similarly, some regions have shown increasing 245 

trends of grassland cover through time without commensurate increases in the proportion of 246 
burned area (Figs. 5a and 5c). 247 

The impacts of year, PDSI, land cover, ANPP and livestock density on the extent of the area 248 

burned and the correlations of burned area with these driving forces are illustrated in Fig. 6. Area 249 

burned and PDSI were negatively correlated in most of the counties in Kazakhstan (Fig. 6b). 250 

Therefore, as Kazakhstan becomes wetter during the fire season, the area burned declined over 251 

the 2002–2016 period. At the same time, grassland cover decreased across most of Kazakhstan, 252 

with a notable exception being the north central region and south western region (Fig. 6c). ANPP 253 

decreased with time over most of Kazakhstan, the exception being central and south western 254 

counites (Fig. 6d).  255 

Finally, we investigated livestock density as a potential non-climatic driver affecting fuel 256 

amount. The population density of livestock increased with time in all counties and was greatest 257 

in the central, northern and southern counties of Qostanay, Pavlodar and Qaraghandy (Fig. 5e). 258 

The coupling of livestock density with PDSI affected the extent of the area burned (Fig. S1.4) 259 

with p = 0.042 (Table 2). The area burned was negatively correlated with the population of 260 

livestock throughout nearly all of Kazakhstan (Fig. 6e). This observation suggests the increasing 261 

population of grazing livestock may have reduced fuelbed continuity contributing to the decrease 262 

of the area burned in Kazakhstan. Since 2000, the numbers of sheep, goats and cattle have 263 

increased by 60% in Kazakhstan based on MANE statistics (2019) (Figs. S2 and S3). Thus, 264 

increased livestock grazing could decrease the amount of herbaceous fuel across the landscape 265 

and offset increases in fuel quantity due to expanded grassland cover. The net result would be 266 

reductions in fire spread and the area burned. 267 

3.4 Interactions of driving forces  268 

The driving forces (e.g. year, PDSI, proportion of grassland cover, ANPP, livestock density) for 269 

the decline of the burned areas in Kazakhstan from 2002 to 2016 are inter-related. It is therefore 270 

critical to evaluate their interactions. For instance, Figures S1.1–S1.4 illustrate the proportion of 271 

burned area affected by the interactions of the driving forces at 174 counties over 15 years in 272 

Table 2.  273 

Proportion of grassland cover and year – Both year and the proportion of grassland area had 274 
significant effects on burned area when interacted (Table 2, p < 0.001). When the proportion of 275 
grassland cover in a county is very low (e.g. 0.48 %), only about 0.6 % of the area was burned 276 
annually during the period of the year 2002 to 2016 (Fig. S1.1, upper left panel). On the contrary, 277 
while the grassland cover is 25 % or greater, the area burned declined steadily from 1.5 % in the 278 
year 2000 to 0.6 % in 2016 (Fig. S1.2 lower right panel). This observation is consistent with 279 
grassland enhancing the spread of fires in the absence of opposing factors. 280 
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PDSI and proportion of grassland area – Both PDSI and the proportion of grassland area had 281 

significant effects on burned area when interacted (Table 2, p = 0.028). As in Fig. S1.2, for PDSI 282 

in a range of -4.5 to ~ 2, the percentage of the area burned remained about 0.6 % for grassland 283 
area of 0.5 % (upper left panel). On the other hand, when grassland cover of 60 %, the fraction of 284 
area burned declined from 2.2 % to 0.8 % (lower right panel). This analysis is consistent with 285 
grassland enhancing the spread of fires, as in the previous section of proportion of grassland 286 
cover through time, and illustrates that increasing wetness significantly decreases burned area 287 

mostly when grassland cover is high. 288 

Livestock density and year – We investigated livestock density as a potential non-climatic 289 
driver affecting fuel amount and area burned. The effects of grazing on the area burned during 290 
2002 – 2016 are shown in Table 2, p = 0.089. The declining trend of the area burned with time 291 
for different livestock density are illustrated in Fig. S1.3. Higher livestock density results in less 292 

available biomass to burn and the less area burned (lower right panel). It provides additional 293 
evidence that grazing could reduce the area burned in Kazakhstan.   294 

PDSI and livestock density – The interaction between PDSI and livestock was significant to 295 
affect the area burned (p = 0.042). Figure S1.4 shows the decline in the proportion of burned area 296 
with PDSI at different livestock densities. As PDSI increases (wetter landscape), less area is 297 
burned. However, the declining trends differ with livestock density. This relationship is quite 298 
different for the livestock density of 0.002 heads km-2 (Fig. S1.4 upper left panel) and 0.05 heads 299 
km-2 (Fig. S1,4 lower right panel). For instance, for low PDSI (-4, dry), 1.5 % of the area was 300 

burned for all livestock densities. In contrast, at high PDSI (+2, wet), the percentage of burned 301 
area decreases with increasing livestock density. Thus, during dry years the area burned is 302 

unaffected by grazing intensity, but during wet years with high biomass (based on our RVS 303 
analysis of Reeves, 2016), high grazing intensity tends to decrease burned area. 304 

4 Discussion 305 

Burned area 306 

The spatial and temporal extent of the area burned were examined in different ecosystems in 307 
northern Eurasia from 2002 to 2016, during which the average area burned was (2.7±1.0) × 105 308 

km2 yr-1. The burned area in grasslands declined 74 % from ~ 282,000 km2 in 2002 to ~ 73,000 309 
km2 in 2016 at a rate of 1.3 ×104 km2 yr-1. The area burned in forest showed no trend over time. 310 

Our burned area is higher than the MODIS MCD64 collection 6, in which the average annual 311 
burned area was 9.7 × 104 km2 in boreal Asia during the same period (Gigilio et al., 2018). 312 
Boreal Asia of MCD64 has a similar geographic region as our northern Eurasia. Nevertheless, 313 
the interannual variability and the trends of burned area for the two datasets are consistent (Fig. 314 
3). 315 

Our results on burned area trends are consistent with other published results (Giglio et al., 2013; 316 
Hao et al., 2016a; Andela et al., 2017) that concluded the area burned in northern Eurasia 317 

declined, contrary to the projections of increased fire frequency driven by climate change 318 
(Groisman et al., 2007; Kharuk et al., 2008). Uncertainty in global burned area remains a critical 319 
challenge with trends and interannual variability reported by sensors and processing algorithms 320 
exhibiting large differences (Hantson et al., 2016; Chuvieco et al., 2019). 321 
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Grassland fires and grazing 322 

Grassland fires in Kazakhstan accounted for 47 % of the total area burned but comprised 84 % of 323 

the decline of the total area burned in northern Eurasia during the 15 years of 2002–2016. The 324 
grassland fires are human caused to produce fresh grass for grazing (Lebed et al., 2012) with a 325 
cycle of about every two years. A similar temporal pattern characterizes grassland fire 326 
occurrence in the African savanna (Hao and Liu, 1994; Andela and van der Werf, 2014). 327 

Central Asia experienced tremendous socioeconomic change, with the collapse of the Soviet 328 

Union in the 1990’s leading to a full restructure of the agricultural system, followed by a rapid 329 
collapse of cattle industry that has progressively recovered in the last 20 years (Figs. S2 and S3, 330 
Food and Agriculture Organization, 2016). This change has potentially altered fuel availability to 331 
burn as observed in other ecosystems (Robinson and Milner-Gulland, 2003; Holdo et al., 2009,; 332 
Vigan et al., 2017). The coincident decline in burned area with increasing livestock population 333 

suggests changing agricultural practices may have exerted an influence on fire activity in 334 
Kazakhstan and northern Eurasia. In addition, the relationship between livestock population and 335 

the burned area was observed in arid grassland in a small region of southern Russia from 1986 to 336 
2006 (Dubinin et al., 2011). During this time period, the livestock population was negatively 337 

correlated with the area burned. 338 

The fire activity data for Kazakhstan and Mongolia can be estimated from 1985 to 2017 as 339 

shown in Fig. 7 based on the recently released AHVRR long term fire history (Otón et al., 2019). 340 

This new information extends the analysis before our observed decrease during the 2002–2016 341 

period and shows that fire activity increased in Kazakhstan just during the economic collapse 342 

and the associated reduction of livestock in the year 2000. This opposite trend supports our 343 

interpretation on the relationship between grazing and burned area, particularly when this 344 

variation in burned area is not clearly observed in neighboring Mongolia where grazing collapse 345 

did not occur. 346 

In the steppe of neighboring Mongolia, overgrazing also affected fire activity from 1988–2008 347 

(Liu et al., 2013) in a manner similar to Kazakhstan. However, extreme winter freezing and 348 

inadequate preparation affected the increasing livestock trend driven by the poorly prepared 349 

feeding of hay and foliage. It led to livestock reductions during the colder season than the 350 

average period during the years of 2000 to 2014 (Nandintsetseg et al., 2018), highlighting the 351 

potential impact of climate on livestock population beside human decisions and practices (Xu et 352 

al., 2019).  353 

We investigated grazing and land use as the main drivers of changes in fuel availability in 354 

grasslands to abruptly impact fire regime as observed for Africa (Holdo et al., 2009;, Andela et 355 

al., 2017) or globally over long periods (Marlon et al., 2008). Political changes can be associated 356 

to additional human processes affecting fire settingactivity or fire spread. Among others, 357 

decreasing population density (-10% observed in Kazakhstan after 1991) could decrease fire 358 

activitysettings or suppression effort and firefighting capacities as mentioned for the post-Soviet 359 

period (Mouillot and Field, 2005), as well as local conflicts potentially exacerbating fire 360 

ignitions as observed in Africa (Bromley 2010). These effects might contribute less significantly 361 
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than the direct effect of grazing and land use on fuel loading and the subsequent fire activity in 362 

the region. Gathering social information remains a challenge to better apprehend human impact 363 

on fire activity.         364 

Modelling fire and grazing interactions 365 

Accounting for confounding factors related to burned area and the subsequent effects on 366 

ecosystems, biosphere/atmosphere interactions and climate have been a challenge in developing 367 

fire modules in global vegetation models (Hantson et al., 2016). Climate (drought, temperature 368 

and humidity), land cover and fuel amount are the main drivers related to fire activity in 369 

Dynamic Global Vegetation Models (DGVMs) coupled with human-related information as 370 

population density and countries’ wealth (Gross Domestic Product). Our understanding of land 371 

use dynamics (Prestele et al., 2017), especially forest management, fire prevention and grazing 372 

practices, is still developing (Rolinski et al., 2018) and better data assemblage and modeling 373 

processes are needed (Pongratz et al., 2018). In our study, we showed the strong impact of 374 

political events (here the collapse of the political regime) on grazing intensity and the subsequent 375 

effect on fire activity. These stochastic events are hard to forecast and simulate so that DGVM 376 

cannot fully capture long term trends in burned area (Kloster et al., 2010; Yue et al., 2014) when 377 

compared to observed burned area reconstructions (Mouillot and Field 2005).  378 

The Soviet economic collapse provides fruitful information on potential amplitude and impact of 379 

grazing changes on ecosystem functioning. The 1998 Russian Financial Crisis led to dramatic 380 

decrease of consumption of livestock in neighboring countries such as in Kazakhstan. Both sheep 381 

and goats (Fig. S2) and cattle (Fig. S3) declined substantially from 1992 to 1998. As the 382 

economy improved after late 1990s, the consumption of livestock has grown steadily. Integrating 383 

grazing in DGVM has recently emerged for global models (Chang et al., 2013;, Pachzelt et al., 384 

2015; Dangal et al. 2017) and for local studies (Bachelet et al., 2000;, Caracciolo et al., 2017;, 385 

Vigan et al., 2017). Grazing processes as implemented in DGVMs can capture climate impact on 386 

livestock populations which could be affected by climate extremes (Nandintsetseg et al., 2018) 387 

and lack of forage or water (Tachiiri and Shinoda 2012; Vrieling et al., 2016). They still lack 388 

abrupt and stochastic changes in projections of socio-economic processes, or infectious disease 389 

potentially affecting livestock density as shown in Africa by Holdo et al. (2009) after rinderpest 390 

curation. 391 

Our study demonstrates that grazing can be highly variable as a fast response or abrupt change in 392 

agricultural policies or political regime. These abrupt changes can have a significant impact on 393 

fire activity. Better integration of human process on grazing activities in DGVMs, even as 394 

stochastic events, would capture this important process to account for probable political 395 

collapse/agricultural policies, societal decisions or widespread animal diseases. These 396 

improbable factors could affect future global carbon budget. 397 

5 Conclusions 398 

The spatial and temporal extent of the area burned were examined in different ecosystems in 399 
northern Eurasia from 2002 to 2016. We conclude: 400 
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The burned area in grasslands declined 74 % from ~ 282,000 km2 in 2002 to ~ 73,000 km2 in 401 

2016 or at a rate of 1.3 ×104 km2 yr-1. The area burned in forest did not show a trend. Grassland 402 

fires in Kazakhstan accounted for 47 % of the total area burned but comprised 84 % of the 403 
decline of the total area burned in northern Eurasia during the 15 years. Wetter climate and the 404 
increase of grazing livestock in Kazakhstan are the major factors contributing to the decline of 405 
the area burned in northern Eurasia. Most of Kazakhstan became wetter from 2002 to 2016, 406 
decreasing high in fire years due to less frequent dry year. The population of livestock increased 407 

in most of Kazakhstan from 2002 to 2016, decreasing the burned area during the wettest years by 408 
fuel removal from grazing. The major factors affecting the availability of the fuels for the decline 409 
of burned area are climate, proportion of the grassland cover, aboveground net primary 410 
production and livestock density. These factors interact to reduce the area burned in Kazakhstan, 411 
especially in grassland. 412 
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 691 

Figure 1.  The distribution of grassland cover in Kazakhstan with counties and states shown as 692 
administrative boundaries. 693 
 694 
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 695 
 696 

Figure 2. Spatial distributions of robust linear trends of the area burned for each 0.5° × 0.5° grid 697 

cell in northern Eurasia from 2002 to 2016. The border of Kazakhstan is also illustrated in Figure 698 

1. 699 
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 711 

Figure 3. Comparison of burned areas between the dataset of Forest Service Fire Emission 712 

Inventory – northern Eurasia (FEI-NE) and MODIS MCD64. The FEI-NE (blue) and MCD64 713 

(pink) bands illustrate the 95% confidence intervals.  714 
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 717 
Figure 4. Declining trends of the total area and grassland area burned in Northern Eurasia 718 
(including Kazakhstan) and Kazakhstan from 2002 to 2016. The solid lines are the trend lines 719 

and the dotted lines are 95% confidence intervals. 720 

 721 
 722 
 723 

 724 
 725 

 726 

 727 



[Type here] 

 

 728 
 729 
Figure 5. Pairwise robust rank correlations of year with (a) fraction of burned area, (b) PDSI, (c) 730 

proportion of grassland layer, (d) ANPP and (e) livestock density without considering their 731 
interactions.  732 
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 733 

Figure 6. Pairwise robust rank correlations of fraction of burned area with (a) year, (b) PDSI, (c) 734 
proportion of grassland layer, (d) ANPP and (e) livestock density without considering their 735 

interactions. 736 
 737 
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 763 
Figure 7. Yearly burned area (in km2) in (a) Kazakstan and (b) Mongolia for the 1982-2017 764 
period based on the AVHRR remotely sensed burned area Long Term Data Record_Climate 765 
Change Initiative  (FIRECCILT10) (https://www.mdpi.com/2072-4292/11/18/2079, Otón et al., 766 
2019). The black line represents mean burned fraction and grey area the burned area 95% 767 

uncertainty delivered by FIRECCILT10. The blue line represents the sheep and goat population 768 
for the 1994-2014 period. The red line represents the end year of the Soviet Union. Note: the 769 

scale of the area burned (y-axis) in Kazakstan (a) is 10 times greater than that in Mongolia (b). 770 

https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mdpi.com%2F2072-4292%2F11%2F18%2F2079&data=02%7C01%7C%7Cbed26c1ea76d4804b8be08d7dd44e1c8%7Ced5b36e701ee4ebc867ee03cfa0d4697%7C0%7C0%7C637221160243452826&sdata=vl7c1w5sv011pHijpV2HtV3fWWxjSgsgU47c1nepLkU%3D&reserved=0
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Table 1. The area burned in forest, grassland, shrubland and savanna in geographic regions from 2002 to 2016. The data of the area 

burned in Kazakhstan are listed for comparison only, and are not included in the tabulation. 

Burned Area (km
2
) 

Region 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 Total 

                                                     Forest (Evergreen Needleleaf, Evergreen Broadleaf, Deciduous Needleleaf, Deciduous Broadleaf, Mixed) 

Russia 26,458 99,944 16,715 20,561 32,929 23,731 72,671 33,356 19,309 43,910 73,920 29,791 62,701 38,511 51,718 646,223 

East Asia 1,483 9,697 6,368 4,202 2,814 2,524 4,597 6,676 1,258 3,379 4,189 1,819 3,151 2,944 1,336 56,436 

Central & 

Western Asia 
131 206 367 259 388 469 641 389 348 159 321 307 517 726 455 5,684 

Europe 376 1,172 467 592 491 1,170 850 863 328 1,206 2,307 537 1,224 1,756 575 13,911 

Subtotal 28,448 111,019 23,917 25,613 36,623 27,894 78,758 41,283 21,243 48,653 80,736 32,455 67,592 43,937 54,084 722,254 

Grassland 

Russia 32,019 97,754 33,372 61,755 62,973 55,220 65,144 46,375 30,634 43,760 37,261 21,114 51,745 49,857 22,178 711,160 

East Asia 10,643 21,235 15,551 12,433 14,456 16,819 15,278 11,259 8,097 18,716 23,870 18,123 26,689 29,361 13,962 256,492 

Central & 

Western Asia 
239,160 193,580 220,080 185,531 204,627 109,248 163,814 92,592 161,668 41,943 97,363 24,364 78,203 81,517 36,369 1,930,057 

Europe 128 271 108 555 241 616 325 217 104 401 526 150 186 237 179 4,242 

Subtotal 281,948 312,840 269,112 260,273 282,296 181,903 244,560 150,443 200,503 104,819 159,021 63,752 156,822 160,972 72,688 2,901,951 

Kazakhstan 237,335 191,466 215,977 182,968 202,292 106,558 162,474 91,873 160,318 40,995 96,420 23,195 76,977 80,251 35,249 1,904,348 

Shrubland (Closed Shrubland and Open Shrubland) 

Russia 7,042 27,749 4,894 13,149 5,924 2,868 10,901 13,096 18,854 6,697 12,650 10,918 5,717 3,486 14,529 158,470 

East Asia 337 79 264 828 934 675 790 645 375 914 796 193 317 153 191 7,490 

Central & 

Western Asia 
1,022 2,836 5,632 2,384 1,255 1,728 999 1,217 3,279 964 769 845 1,066 1,287 1,720 27,001 

Europe 20 38 23 70 39 121 112 87 21 83 70 11 13 10 17 732 

Subtotal 8,421 30,701 10,813 16,430 8,152 5,391 12,802 15,044 22,529 8,657 14,285 11,966 7,112 4,934 16,457 193,693 

Savanna (Woody Savanna and Savanna) 

Russia 11,136 43,574 8,307 19,343 25,129 10,465 33,347 14,191 6,745 12,473 16,387 12,076 8,324 6,261 12,039 239,796 

East Asia 589 3,504 3,257 1,275 1,564 694 1,268 1,349 465 611 660 205 147 510 131 16,226 

Central & 

Western Asia 
575 500 437 395 442 317 413 391 261 115 193 112 161 301 178 4,791 

Europe 83 207 110 293 200 653 340 400 113 319 426 212 201 142 243 3,941 

Subtotal 12,383 47,785 12,110 21,306 27,335 12,128 35,368 16,330 7,584 13,517 17,666 12,604 8,832 7,215 12,592 264,753 

Total 331,199 502,346 315,951 323,621 354,405 227,317 371,488 223,100 251,859 175,646 271,707 120,777 240,358 217,058 155,820 4,082,650 
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Table 2. Model parameters and associated p-values. 

Parameter Estimate 
Std. 

Error z Pr(>|z|) 

 
Year * ANPP -0.02 0.01 -4.03   <0.001 

Year * PDSI 0.00 0.00 0.20 0.838 

Year * Proportion Grass Area -0.26 0.04 -6.77 <0.001 

Year * Livestock Density (head km-2) 1.04 0.61 1.70 0.089 

ANPP * PDSI -0.01 0.01 -0.92 0.360 

ANPP * Proportion Grass Area 0.72 0.19 3.83 <0.001 

ANPP * Livestock Density (head km-2) 0.88 3.22 0.27 0.784 

PDSI * Proportion Grass Area -0.24 0.11 -2.20 0.028 

PDSI * Livestock Density (head km-2) -3.30 1.62 -2.04 0.042 

Proportion Grass Area * Livestock Density (head km-2) 37.78 28.32 1.33 0.182 

Estimate = parameter estimate from GLMM, Std. Error = standard error of parameter estimate, 

z = z-statistic, Pr(>|z|) = p-value  
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Supporting Information 

 

  
 

Fig. S1.1. Effects of year and percent of grass area on the area burned. 
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Fig. S1.2. Effects of PDSI and percent of grass area on the area burned. 
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Fig. S1.3. Effects of livestock density and year on the area burned. 
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Fig. S1.4. Effects of PDSI and livestock density on the area burned. 
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Fig. S2: Number of sheep and goats in Kazakhstan from 1993 to 2014 (Food and Agriculture Organization, 2016). 
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Fig. S3. Number of cattle in Kazakhstan from 1993 to 2014 (Food and Agriculture Organization, 2016). 

 

 

 


